Gut fluorescence attributable to algae caten by an herbivorous zooplankter should be a function of chlorophyll consumption minus loss of pheopigments in defecation. The amount of chlorophyll ingested, as determined in a laboratory grazing experiment, minus the gut pigment content at the end in the grazers, should equal chlorophyll dcfecatcd and should also provide a calibration for the determination of evacuation rate in filtered seawater. The kinetics of gut filling and emptying in Temora Iongicornis have been studied at different food concentrations. Neither is constant with time. Filling rate is positively correlated with food concentration but gut pigment content may be maximal at lower concentrations when food supply is presumably still limiting. Evacuation rates, while not constant, are independent of initial gut chlorophyll content or food concentration in the experimental environment over a range from 0.5 to 8 mm3 liter-' of Coulter Counter volume. Ingestion rates determined from gut pigment concentration and gut clearance time and those determined from filtration rate were directly correlated (slope = 1) but showed a systematic difference apparently caused by undetected loss of gut pigment. An improved method for determining in situ grazing rates from gut pigment measurements is proposed.
The amount of carbon or energy consumed by particle-feeding zooplankton is an important unknown in the investigation of energy transformation by pelagic ecosystems. Animals used to measure zooplankton grazing are usually captured with a net, sorted by hand under a microscope or partitioned into size classes by sieving before being added to a representative portion of the natural environment or a laboratory facsimile, and their performance is then determined after a lengthy incubation in a closed container. The animals therefore are subjected to the stress of capture, sorting, and confinement often at concentrations much greater than in nature. Setting up, running, and analyzing such experiments are very laborious and the amount of data produced per unit of investigator's effort is small. Furthermore, lengthy incubations may contribute to potential "containment" effects which can make the data unreliable or uninterpretable (Roman and Rublee 1980) . Various factors also affect the feeding activity of copepods. Because marine environments are complex and variable, and the physiological state of animals may differ from time to time and from individual to individual, any attempt to estimate ingestion rate or ration in the field by using parameters obtained from laboratory experiments is risky. The best alternative would be to measure the feeding activity directly and in situ.
Gut pigments, which are attributable to plants eaten, have been used as an index of feeding activity in herbivorous zooplankton in the field (Nemoto 1968 (Nemoto , 1972 Mackas and Bohrer 1976; Boyd et al. 1980) . The amount of gut pigment (G, in ng animal-') measured by fluorescence is the accumulation of plant pigments eaten (I, in ng animal-r t-l) during just previous "gut passage" or "turnover" time (T) or G = IT.
Although G has proved to be a good index in studies of the same population over a short period (Mackas and Bohrer 1976; Head et al. 1984) , T must be estimated or measured to make the method quantitative.
If the amount of pigment in the gut G is the resultant of pigment ingested Z minus that defecated E (ng animal-l t-I) and that absorbed or otherwise undetected b (same units), for a grazer we can write 867 dG -=I-(IT+@ dt = Fc -(rG + b), (2) where F is the filtrat_ion rate in ml swept clear animal-' t-l, C the average chlorophyll concentration in pg liter-I (or ng ml-I), and r the instantaneous evacuation-rate as t-I. When an animal has been feeding for some time and dGldt = 0, then G is constant (G"), and I=Fc W I = rG,,
if b = 0. Similarly, and also p1 r'
VW
If the evacuation rate (r) for a grazer is constant whether it feeds or not, then the amount of pigment in its gut is related to time without food as G, = GOexp(--rt) (5) and r can easily be calculated from the plot of gut pigment concentration against time of incubation.
We examine here, in the laboratory, the dynamics of gut pigments in Temora longicornis under relatively constant feeding conditions and under starvation to establish either the constancy of r or a rapid and reliable method for its determination. As a test of our method we then compare Z = rG, with Z = Fc, estimated from changes in particle or chlorophyll concentration by conventional grazing experiments.
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Materials and methods
Temora longicornis was chosen as the experimental animal because it is a dominant herbivorous copepod in Bedford Basin (Nova Scotia) and obtainable in reasonable numbers at most times of year. Animals were collected by horizontal tow with a 0.75-m, 240~pm mesh net. Each tow lasted no more than 5 min and the catch was diluted immediately in a cooler filled with seawater from the same depth. In the laboratory, healthy copepods, mostly adult females, were sorted into 2-liter polycarbonate containers and kept in an incubator at experimental temperature and low food concentration for 3-5 days before being used. The diatom Thalassiosira weissflogii
(1 O-l 2 x 1 O-20 pm) was used as food. For gut pigment measurement roughly 25-l 00 animals, depending on the experiment, were filtered onto bolting cloth, washed with filtered seawater (FSW), deep-frozen immediately, and kept in Petri dishes on the filters at -20°C until analysis. Usually all the animals were washed from the filter with 90% acetone, or chilled filtered seawater if sorting was to be done first, and then homogenized in cold acetone in dim light. For the measurement of gut pigments, we followed the method of Mackas and Bohrer (1976) but used absolute units of pigments (ng copepod-') as an index of gut fullness (G), that is, the sum of chlorophyll a and pheopigment a expressed as equivalent weight of chlorophyll a (Lorenzen 1966 ).
According to Jeffrey (1974) and Shuman and Lorenzen (1975) pheophorbide a is the major degradation product of chlorophyll a in fecal pellets, but we will use here the general term pheopigment a.
For particulate chlorophyll measurement, we filtered water samples (50 ml) onto GF/F glass-fiber filters and then extracted them overnight at -20°C with 90% acetone. The chlorophyll levels were determined by the fluorescence method (Yentsch and Menzel 1963; Holm-Hansen et al. 1965) . A Turner 111 fluorometer was used for both water samples and gut pigment analysis. For the cell volume measurement a model TA II Coulter Counter was used with a 100~pm aperture tube.
Experimental design -To determine how long after feeding began that dGldt x 0, we examined the rates of pigment accumulation and gut content variation at relatively constant food concentration (generally < 10% change) in stirred containers. Animals were kept in unfiltered seawater or sometimes in FSW for about 12 h, transferred to cultures of 2, 4, or 8 mm3 liter-' (about 8, 16, or 32 pg Chl liter-l), and gut pigment samples taken at the beginning and at 15, 30, 60, 120, and 180 min after transfer. These experiments were conducted in either 2-or g-liter containers. In the first case, the contents of a container were filtered at each sampling time. Alternatively, water samples with animals were taken from the g-liter container with a beaker and then filtered. There were some minor differences between 2-and g-liter results but they do not affect our general conclusions. Density of animals in feeding cultures was 30-50 liter-l.
To study evacuation, we usually fed animals at different food concentrations (0.5, 1, 2, 4, and 8 mm3 liter-') for 1 h and then transferred them into FSW. Gut pigment samples were taken at the start of evacuation, and at 15, 30, 60, 120, and 180 min after transfer to FSW. Experiments were conducted in either 2-or g-liter containers as above.
Grazing experiments were kept short (2-3 h) so that the decrease in food concentration was significant but not enough for the ingestion rate during the experiment to be appreciably reduced. Animals were prefed at the experimental food concentration and temperature for 1 h so that the ingestion rate and gut contents achieved a plateau before the start. Typically grazing experiments included four grazing containers of 2 or 4 liters containing 50-100 animals per liter and four controls (same as grazing containers but without animals). To keep the food environment homogeneous, we continuously rolled the containers in a temperature-controlled water bath at a speed of about 1 rpm. Experiments were run at 5" or 10°C in the dark. Water samples for chlorophyll and cell volume measurement, and animals to be frozen for gut pigment analysis, were taken at the beginning and end of the experiment.
Grazing experiments were followed immediately by gut evacuation experiments similar to those described above, using the same animals under the same conditions but in FSW; sometimes they were conducted with a parallel gut evacuation experiment running at the same time, using different animals but from the same catch.
Calculation of grazing rates-h most grazing experiments the duration of feeding is known in advance or measured as the time from onset to the end of incubation, but in these comparative experiments we are concerned only with particles or pigment ingested during T, the immediately preceding gut passage time, which is unknown.
Assume that T is some fraction of the total duration D of the grazing experiment and that the concentration of chlorophyll at times D and T is the same. From Eq. 3
where cT is the average centration over T. Then
where a! = k + g, the instantaneous rate constants for plant (chlorophyll) increase and grazing (Frost 1972) , Co is the initial plant concentration, and C&T is the concentration at time D -T, which is also t = 0 for the interval D -T to T. In exponential form, the solution of Eq. 7 is
Substituting Eq. 8 into 6 we get 
Results
Gut content dynamics -Although the conditions for our three experiments were intended to be identical, the responses of the copepods varied considerably (Fig. 1) . We kept the prefeeding period in reduced food to 12 h to avoid an overshoot in the functional response but there was some variability in initial gut pigment levels. The decrease of food concentration in feeding cultures during the experiments was not great (< 10% of initial level) so that the food environment should not have varied markedly among experiments. In spite of the differences in average level in each experimental series some common features can be found. The time needed to achieve the first maximum was in the range of 30 min to 1 h. Animals feeding in high concentrations achieved the first maximum earlier than those in low food concentrations. The gut pigments either maintained the maximum level once achieved (Fig. 1B and C) or decreased to some extent and then increased again (Fig. 1A) . Fluctuations in gut pigments may occur even under a relatively constant food supply ( Fig. 1A and  B) .The maximum concentration of gut pigment was quite variable from experiment to experiment and not always positively correlated with food abundance (Fig. 1A and  B) . Sometimes, the lowest food concentration gave the highest gut pigments and the highest food concentration resulted in the lowest gut pigments (Fig. 1C ).
Gut evacuation-The level of gut contents at the start of the evacuation experiment, i.e. after 1 h of prefeeding, was quite variable ( Fig. 2A) . As in the gut filling experiments (Fig. l) , maximum concentrations did not always yield maximum levels of gut contents. For animals feeding at low food concentrations (0.5, 1, and 2 mm3 liter-') the evacuation rate seemed to be similar and roughly constant throughout the 3-h period, but at higher food concentrations (4 and 8 mm3 liter-l) highest rates were found during the first hour and then decreased sharply no matter what levels of gut contents were achieved (Fig. 2B) . To get more information about dynamics of evacuation during the first hour, we took gut pigment samples at shorter intervals (Fig.  3A) and also compared the response in 2-or g-liter containers. There was apparently a difference in the initial level of gut contents depending on container size, but the patterns of the evacuation curves were the same (Fig. 3A) , and the dynamics of the evacuation rates were also similar (Fig. 3B) . Moreover, there was no significant change in gut contents between animals taken before and right after the transfer, which implies that defecation under stress is probably not a problem. The average rate during the first hour was higher than later, but in the first 15 min the rate was unexpectedly low. The rate was highest between 15 and 60 min but later decreased to a relatively constant level around 1 .O h-l, very close to the rates shown in Fig. 2B .
Animals that had been prefed before an I GUT PIGIVENTS~~-I~ copepod-') 8 IO Fig. 4 . Relationship between the concentration of gut pigments and evacuation rate for experiments carried out at 10°C. evacuation experiment contained less pigment after a further hour of prefeeding than animals previously starved and then fed, but there was no difference in their evacuation rates. Indeed, for all data, gut pigment concentrations and gut evacuation were completely uncorrelated (Fig. 4) .
Ingestion rate and gut passage time- Shuman and Lorenzen (197 5) suggested that filtration rates calculated from changes in chlorophyll might be too low if feces were included in the final analysis of experimental containers. Hence, changes in food concentration were determined by measuring both chlorophyll and Coulter Counter particle volume in our experiments and calculating a separate ingestion rate for each. There were no significant differences in rates determined by the two methods (Wilcoxon signed-ranks test : Siegel 1956 ), and they were subsequently averaged for comparison with the ingestion rate estimated from evacuation experiments.
The experimental ingestion rate decreased from October to December, even though the experimental conditions remained the same, probably because of a seasonal decrease in feeding activity in nature by the animals (Table 1) . In all our experiments the ingestion rates estimated from evacuation experiments (rG) were lower than those determined from grazing experiments @'CT). The difference was not so great when ingestion rate was high (7 and 14 October), but became relatively more important as ingestion rate decreased.
If we plot I derived from evacuation ex- : Siegel 1956 ). The statistics verified that r was indeed higher at 5" if 2-and 4-mm3 data were pooled and if 2-mm3 data were examined separately, but there was no significant difference in r at the two temperatures when the 4-mm3 data were compared. The mean value of r at 2 mm3 and 10°C was unaccountably low compared regression line, y = -2.893 + 1.043~ is Relationship between ingestion rates dctergenerated and can be plotted for comparimined from conventional grazing cxpcriments (abson with the line y = x (Fig. 5) . Clearly the slopes are the same, even though a systematic difference between the methods has scissa) and those determined from evacuation rate (orproduced a significant negative translation of the regression line.
dinate).
The gut passage times estimated by the two methods were also quite different. Values of T estimated by evacuation experiments were usually longer than those from grazing experiments (Table 1) .
During December we compared f = FCT and I = rG at two temperatures and two concentrations (Tables 1 and 2 ). Again, as in gut filling and evacuation experiments, variability was high, but, on first examination, the evacuation rate r appears to be greater at 5" than at lO"C, against expectation (Table 2 ). All combinations of temperature and food concentration were treattration rates (F) were statistically greater at Variability in the data, gutjilling-On the assumption that filtration rate is a constant, the time to fill an empty gut should about 10" although the means were larger (Table   equal the (Table 1) . Gut filling time was also a function of food concentration (Fig. l) , as was noted by Dagg (1983) . We did not find that the rate of filling remained linear, however, as observed by Dagg, perhaps because the initial chlorophyll concentrations were usually higher in our investigation.
Our experiments also show that the first maximum may not be the maximum for an experiment and that there can be fluctua- Table 2 . Ingestion rate (1, ng Chl copepod-' h-l), filtering rate (F, ml copepod-' h-l), amount of gut pigment (G, ng Chl copepod-'), and evacuation rate (r, h-l) during an evacuation experiment at different temperatures and food concentrations (2 l-22 December). tions even though the food concentrations did not change significantly (Fig. 1 A) , which was also observed by Dagg (1983) . Because our experiments were short and we made no attempt to keep the food concentration constant (although changes were generally < 10%) we cannot establish whether there were periodic fluctuations or rhythms in feeding activity under constant food supply.
5°C
In the experiments of 12 and 23 November, the maximal levels of gut pigments achieved by animals feeding at different food concentrations differed significantly between experiments (Fig. lA, B, and C) . The levels in both November experiments were lower (1.7-1.9 and 3.5-4.0 ng Chl copepod-') and less variable than those from 8 December (5.3-11.5) and considerably lower than that observed for animals collected during the fall bloom on 30 September (15.3 ng Chl copepod-l: Wang unpubl. data). Why should this be so?
Although the experimental animals were primarily females, they were sorted visually so that a few stage V or males were no doubt included. However, mean size for the two November and one December experiments ranged between 0.967-and 0.989-mm prosome length, which suggests little difference in population or size structure on the different dates.
Possibly the animals in November were not in such an "active" feeding condition, in terms of their digestive enzyme levels, as were the September and early December animals. The time for conditioning in our experiments was probably too short to acclimate the animals to higher food concentrations, because they were fed at experimental food concentration for only 1 or 2 days before being used. According to Mayzaud and Conover (1975) it took between 24 h and 6 days for zooplankton to adjust their enzyme complement to a change in diet level. Therefore, in the November experiments the food concentrations may have been equal to or greater than the critical concentration (Frost 1972) for the animals used, and so the ingestion rate, and consequently the gut contents, remained roughly the same when food concentration was increased from 2 to 8 mm3 liter-'. We suggest that the maximum level of gut pigments achieved when unlimited food is given is a reflection of the maximum ingestion rate or maximum ration (Parsons et al. 1967) . As pointed out by Conover (1978) and Mayzaud and Poulet (1978) , maximum ration is not a constant but may be related to the levels of digestive enzymes, which, in turn, are closely correlated with the amount and perhaps type of substrate in the natural particulate matter. Although the concept of a maximum ration, and hence the critical food concentration, was derived from laboratory experiments, it probably exists for a given natural population at a given time and may be a good measure of the potential feeding activity. However, animals in nature do not often feed continuously at maximum rates. Probably such behavior is reserved for brief encounters with a highly nutritious "patch" or is part of the diurnal feeding pattern, with or without vertical migration. As an index of maximum ration, the maximum gut pigment might be measured on board ship by short term feeding of the animals with a range of concentrated natural particulate materials.
Evacuation-The decrease in gut pigments under starvation appeared to follow a negative exponential curve yielding a similar average value for r, whatever the initial concentration (Figs. 2 and 3) . Although r mostly fluctuated between 0.4 and 1.6 h-l for all the experiments at 1 O"C, yielding gut passage times ranging from 38 min to 2.5 h, there was no relation with mean gut pigment level during the experimental interval (Fig. 4) . Nonetheless, the data were quite variable and the mean value for r would have wide confidence limits.
'Evacuation rates are probably subject to the same range of uncertainty as gut pigment levels and perhaps for similar reasons. For animals prefed at low food concentration (< 2 mm3 liter-I) rates were nearly constant, averaging around 0.8 h-l (Fig. 2B) . The higher rates observed during the first hour for animals which had been feeding at higher food concentrations (4 and 8 mm" liter-') may not be typical, but the averages, 1.1 h-t for 4 mm3 liter-' and 0.8 h-* for 8, are not greatly different from those at lower concentration. Perhaps, as we have already argued, had the copepods been better accli-mated, a similar defecation rhythm would have been established for all food concentrations. As Frost (1972) has shown, ingestion rate does not normally increase with food supply once a critical concentration has been reached. Initially, however, there might be other responses to a high food concentration by the unacclimated animals such as a temporary increase in the evacuation rate, analogous with higher than normal feeding rates when previously starved animals are exposed to nonlimiting food concentrations (McMahon and Rigler 1965; Frost 1972) . Once these initial adjustments to higher food level have been made, the evacuation rate should return to normal or even drop below in compensation (Fig. 2B) .
The unexpectedly low rate in the first 15 min after evacuation began (Fig. 2B) suggests that a short period may be needed for the animals to settle down after the disturbance of transfer from food to filtered seawater; after this there was a somewhat higher than normal defecation rate. The animals used in this experiment were fed at 4 mm3 liter-l, which may be equal to or greater than the critical concentration, so we are not sure whether there is also an initially lower rate for animals feeding at lower food concentration.
Nonetheless, the data suggest that sudden stress does not cause an immediate increase in defecation.
Ingestion -In all cases in which grazing
and evacuation experiments were run, whether in parallel or continuously, I = rG was lower than 7 = FCT (Tables 1 and 2 ). rG appears to be an underestimate of I, but it is not clear why this should be so. Either r or G or possibly both may be too low, or possibly FCT could be too high if the filtration rate decreased suddenly during an experiment. The reasoning behind this series of experiments was to test the validity of r determined from a short term evacuation experiment. Although there was variability associated with the experiments, theyshowed no consistent pattern of response to food concentration nor to food eaten at a given temperature. Furthermore, they are in good agreement with previous estimates from the literature based on a variety of observational techniques (Mackas and Bohrer 1976; Arashkevich 1977) . To bring I = rG in line with f = FCT in Table 1 would require multiplying r by 3 or 4 in some cases, -which does not seem credible when r already appears to have increased with a 5" temperature decrease, against expectation.
Similarly, in some cases, F would have to decrease by a factor of three or more during an experiment to explain the difference between 7 calculated from the grazing experiment and I determined from evacuation rate (r), even though there is little evidence for a change in filtering rate over the interval normally used (Fig. 1) . Therefore, we feel that the principal difficulty in equating ingestion as estimated from grazing and from gut pigments must be in the magnitude of G.
Although our experiments were run in the dark and we took precautions to handle the experimental zooplankton with care to avoid bleaching or loss of pigment, it is possible that our technique was somehow inadequate. Our studies were largely completed before we became aware of a report by Nicolajsen et al. (1983) that freezing of experimental zooplankton (Centropages hamatus) lowered the apparent gut pigment content by an average of 33%. Consequently we examined the problem with T. Zongicornis and with Centropages typicus as a possible substitute for C. hamatus.The copepods were allowed to feed overnight in ~2 mm3 liter-' of Thalassiosira sp. (not T. weisstflogii) and then analyzed fresh and after 1, 4, or 6 days of freezing. In no case could we detect a significant decrease in total gut pigments after freezing. An additional field test with arctic zooplankton also failed to demonstrate a significant change in pigment levels upon freezing.
Gut pigment could also be in error if part of the ingested chlorophyll were absorbed or broken down into some non-or differently fluorescing compound, i.e. if b in Eq.
2 were not zero as previously assumed. The assumption that b is zero was made by Mackas and Bohrer (1976) on the basis of experiments of Shuman and Lorenzen (1975) There is no question that the principal endproduct of chlorophyll degradation by copepods is pheophorbide, but we are less sure that this process is always 100% efficient on a molecular basis. Shuman and Lorenzen might not have recognized that their estimates of pheopigments were calculated as chlorophyll a equivalents just as ours are (see also Conover et al. 1986 ). There is considerable variability in their data, as in ours (see table 1 : Shuman and Lorenzen 1975) . Several examples of the absorption and conversion of chlorophyll derivatives to nonfluorescing compounds by invertebrates are given by Nicol(l967) and Needham (1974) . We note also that the relative discrepancy between ingestion estimates determined as rG and FCT decreased as total ingestion increased (Fig. 6) , as though the loss of pigment were related to "digestive efficiency." Indeed, decreasing digestive efficiency would be the expectation if r is constant as I increases (Fig. 4) . Conover et al. (1986) show that > 90% of the chlorophyll-derived pigments ingested by Calanus hyperboreus feeding at a low rate at low temperatures may disappear in gut passage, which would seem in agreement with Fig. 6 . Conover (1966) found no temperature effect on digestive function in copepods. Certainly the issue of chlorophyll absorption/destruction should be examined further, but our data suggest that Eq. 3b should be rewritten as Z = r(G + b) = rGl( 1 -b'),
where b' is the fractional loss of total pigment in the digestive process, until we can establish what kind of a correction to G is necessary for accurate calculation of short term estimates of grazing in situ. Kiorboe et al. (1982) have constructed a model of the grazing process in C. hamatus at different temperatures, using gut pigment information, and compared it, just as we have, with ingestion curves based on actual determinations of filtration rate. The agreement between the two sets of curves was quite good and their experiments emphasized the importance of temperature in predicting feeding behavior, in contrast with our own observations. The model was then used to investigate diurnal and seasonal variation in algal grazing by C. hamatus and Pseudocalanus sp. in the same environment from which their earlier experimental material was taken (Nicolajsen et al. 1983) . Kiorboe et al. (1982) compared ingestion rates and gut pigment uptake in separate experiments on different dates with different animals. Their model therefore described average performance by C. hamatus under a range of different conditions, but they did not compare the performance of single groups of animals in the short run using both methods simultaneously, as we have done. They do not seem to have tested the goodness-of-fit of the curves generated by the two methods that they used, but probably the effect on G caused by pigment destruction would not have been detectable with their experimental design because of the large amount of natural variability in such biological material, the same kind of variability which confounded our single temperature experiment (see also Hassett and Landry 1982; Head and Conover 1983) . Therefore, we think that the method used by Kiorboe et al. (1982) and Nicolajsen et al. (1983) is perhaps less suitable than ours to interpret quantitative differences in diurnal, or any other form of intermittent or variable, feeding behavior. We suggest that r be determined for each new experimental situation, along with gut pigment content, by determining the kinetics of defecation in filtered seawater over several hours at near environmental temperature.
The significance of absorption or breakdown of gut pigment during gut passage should be examined as well. If fecal pellets can be collected during the evacuation phase of the experiment, the method of Conover et al. (1986) can be adapted to determine whether there has been pigment destruction.
